Abstract-In this paper, a novel high-gain repeater antenna integrating a dual-feed network is proposed to receive and transmit RF signals separately by two ports. The proposed array antenna has four linearly polarized microstrip antenna elements, two feed networks, and one planar magic-T. The distance between the elements of the array antenna is matched to obtain the minimum sidelobe level and maximum half-power beamwidth for transmitting and receiving purpose. The planar magic-T is effectively used to meet two different bi-directional radiation patterns with a simple structure. Performances of the array antenna are experimentally confirmed, and the gain of the antenna for each port is better than 10.3 dBi. The measured 10-dB impedance bandwidth of the antenna is wider than 580 MHz (10%).
INTRODUCTION
In wireless communication systems, repeaters are widely used to reduce the path loss between the transmitters and receivers within the limited communication range. High-power transmitters are required to control the path loss especially in high-frequency environments and extend the signal coverage. The repeater is one of the cost-effective solutions for the extension of the coverage area with the low signal levels. In repeater systems, frequency division duplex (FDD) method which separates the frequencies of the uplink and downlink signals and time division duplex (TDD) method which transmits or receives the signals by the allocation of different time slots in the same frequency band were used. Therefore, TDD requires only one interference-free channel, and it allows interference mitigation with the proper frequency planning. Moreover, the TDD system eliminates the complexity and costs associated with isolating the transmitting and receiving antennas because it reuses the filters, mixers, frequency sources, etc. Currently, the TDD based array antennas are very popular in the Internet of Things (IoT) and cloud-based applications [1, 2] .
Different types of antennas for repeater applications were proposed [3] [4] [5] . A wide-band indoor repeater antenna [6] and miniaturized antennas [7, 8] were introduced. However, these antennas [3] [4] [5] [6] [7] [8] have a low gain, and high-gain antennas are required to increase the overall repeater gain. Therefore, an indoor repeater antenna using metamaterials [9] and a dual-fed ICS repeater antenna using parasitic patches [10] have been reported to increase the gain and isolation. Nevertheless, its gain is still low because the transmitting and receiving antennas are separately used.
Nowadays, array antennas are used to increase the gain of the antenna. However, the array antennas have narrow beamwidth and unwanted sidelobes. The first sidelobe of the radiation patterns is the main source of electromagnetic interference (EMI), and the sidelobe level suppression is one of the most basic and critical issues in the applications of the array antenna. Therefore, various techniques have been used to reduce the sidelobe level without disturbing the beamwidth of the main beam. Numerical analysis on element spacing was introduced to optimize the sidelobe characteristics of the array antennas [11] .
Genetic algorithm [12] and coefficient array [13] techniques have been discussed to reduce the sidelobe level for the array antennas.
In this paper, a new 5.8-GHz dual-feed repeater array antenna is proposed, and the performance of the antenna is experimentally examined with a prototype. Two different bi-directional radiation patterns are separately obtained for Port 1 and Port 2 by effectively using the planar magic-T and an additional 90 • phase shift of the signals. The proposed antenna provides higher antenna gain because all antenna elements of the array antenna are used to receive the RF wave and retransmit the amplified signal. The effects of element spacing of the array antenna are numerically investigated to get the better antenna performance on the radiation patterns in terms of gain, half-power beamwidth, and sidelobe level. The proposed antenna is suitable for the TDD repeater systems because only one of the two ports will be used at the same time.
DESIGN OF A DUAL-FEED REPEATER ARRAY ANTENNA
In a repeater system, the repeater amplifies the received signals from the base station and retransmits the signals to the end users via its transmitting antennas. In this paper, only antenna part is designed to obtain high gain, and amplifier is not considered. The overall gain of the repeater system can be defined as the following equation:
where G, G r , G amp , and G t are the overall repeater gain, receiving antenna gain, amplifier gain, and transmitting antenna gain, respectively. According to the equation, the overall repeater gain is proportional to the product of the transmitting and receiving antennas' gains of the repeater system. Therefore, high-gain antennas are required to enhance the repeater gain. Figure 1 shows the structure of the proposed 5.8-GHz dual-feed repeater array antenna. The antenna consists of four linearly polarized microstrip antenna elements, a dual-feed network using a slot-T type planar magic-T. The four antenna elements are equally spaced to avoid the gain drop due to far-field cancellation and reduce the sidelobe level of the radiation patterns. The microstrip lines of antenna elements #1 and #2 are combined and connected to the magic-T via a slot line. In the same way, antenna elements #3 and #4 are combined and connected to the magic-T. In this structure, antenna elements #3 and #4 are 90 • ahead of the other antenna elements #1 and #2 to generate the bidirectional radiation patterns in the φ = 0 • plane. An additional quarter-wavelength slot line is used for 90 • phase shift of the signal. The microstrip line of the magic-T is connected to Port 1, and the slot line is converted to a microstrip line and connected to Port 2. All microstrip antenna elements and microstrip lines are designed on the top side of the substrate, whereas the slot lines are located at the bottom side of the substrate. In this structure, Port 1 will be used to retransmit the amplified signals if Port 2 is used to receive the signals for a radio repeater. In the real applications of the repeater system, one port of the antenna connects to the input of the repeater circuit, and the other port is connected to the output of the circuit. Figure 2 shows the structure and an equivalent circuit of a slot-T type planar magic-T. The magic-T is an RF signal combiner/divider with 0 • and 180 • phase difference, and the magic-T is designed using a slot line T branch and a microstrip-slot line T branch. The S-matrix of the magic-T can be expressed as the following equation.
Antenna Structure

Magic-T
As shown in Equation (2) and Figure 2 , the input signal from Port H is distributed into two inphase signals and emerges to Ports S1 and S2 as shown by the red arrows. On the other hand, the input signal from Port E outputs to the Ports S1 and S2 in anti-phase as shown by the blue arrows. In this proposed structure, a microstrip line is extended by a quarter wavelength over the slot line to separate the RF signal properly. Here, Ports H and E are isolated from each other due to the difference of the propagation modes. When the signal is fed from Port H, microstrip-slot line T branch is a parallel branch, and the impedance of Port H is half of the impedance of Ports S1 and S2 [14, 15] . On the other hand, the impedance of Port E is the double of the impedance of Ports S1 and S2 because slot line T branch is a series branch. However, a quarter-wavelength impedance transformer is used in the actual design to reduce the slot line radiation effects, and the impedance of Port E is designed to be equal to the impedance of Ports S1 and S2. Figure 3 shows the basic concept of the array antenna integrating the planar magic-T. Two antenna elements are separated by a distance d, and one of the antenna elements is connected to a magic-T via additional quarter-wavelength transmission line. Ports H and E of the magic-T are connected to Port of an input signal for Ports 1 and 2. The array factor is given as the following equation.
Operating Principle
where I n , k, and d are the complex amplitude of the excitation of the n th element, free space wave number, and the separation between two antenna elements, respectively.
When the signal is fed from Port 1, the array factor is expressed as follows:
The array factor f (θ) of the antenna elements has a maximum if e j(kd sin θ+
kd , k = 2π λ where λ is the wavelength of the antenna and then
According to Equation (5), the peak can be found at the angle of −16 • for the designed frequency of 5.8 GHz and 46 mm antenna separation.
On the other hand, the array factor for Port 2 is expressed by:
In this case, e j(kd sin θ+
When the signal is fed from Port 2, the peak is obtained at the angle of +16 • . Therefore, Port 1 and Port 2 generate bidirectional radiation patterns, and the direction of peak radiation can be controlled by changing the ports. Figure 4 shows the phase relations of the four antenna elements of the dual-feed array antenna, and the arrows in the figures stand for the resultant phases of the antenna elements. When the signal is fed from Port 1, the magic-T provides in-phase power division, and all antenna elements of the array antenna are active to radiate in the φ = 0 • plane. Therefore, the radiation pattern shown by the blue curve is moved to the left side. On the other hand, the radiated wave is shifted to the right because of the anti-phase power division of the magic-T and additional quarter-wavelength transmission line when the signal is fed from Port 2. However, the resultant phases of the antenna elements #1 and #2 (#3, and #4) are the same. Therefore, the radiation patterns of the array antenna shown by the red curves have the maximum at the center in the φ = 90 • plane. Figure 5 shows the 3D radiation patterns of the 5.8-GHz array antenna simulated by using Keysight Technologies' Advanced Design System (ADS) Momentum. The green lines in the middle of the 3D patterns show cutting planes of the antenna. In the φ = 90 • plane, radiation patterns of the antenna are almost the same for both ports, and the peak of the radiation pattern can be found at θ = 0 • . However, radiation patterns of the array antenna in the φ = 0 • plane are opposite. The peak of the radiation patterns in the φ = 0 • plane can be seen at θ = −14 • for Port 1 and θ = +14 • for Port 2. Figure 6 depicts simulated radiation patterns of the proposed antenna for Port 1. The two graphs illustrate the effects of the element spacing of the array antenna on the gain, sidelobe level (SLL), and half-power beamwidth (HP-BW) of the antenna. The element spacing of the antenna in this simulation means the changing distance between the center-to-center elements (patches #1, #2 and #3, #4) and (patches #1, #4 and #2, #3). However, the spacings between patches #1, #2 and #1, #4 are equal, and the simulated frequency is 5.8 GHz. According to the results, the element spacing has an effect on radiation patterns of the antenna. The gains of the antenna have a maximum at θ = −14 • for φ = 0 • plane and θ = 0 • for φ = 90 • plane. Table 1 shows the performance comparison of the array antenna based on Figure 6 . Higher sidelobe level and lower beamwidth are obtained at larger element spacing of the array antenna. The gains of the array antenna in both planes decrease at smaller antenna spacing due to far-field cancellation. The element spacing of the array antenna has a very small impact on the gain performance because the spacing between elements is not too large. However, optimum element spacing of the array antenna must be determined to achieve the optimal performances. Figure 7 , the performance comparison of the antenna can be seen in Table 2 . The simulated gains of the proposed array antenna are 12 dBi for the φ = 0 • plane and 9 dBi for the φ = 90 • planes. Tables 1 and 2 show that the antenna has the same performance for Port 1 and Port 2. Therefore, the proposed dual-feed array antenna can be used for a single frequency repeater. Figure 8 shows the simulated gain of the proposed antenna with respect to the frequency. The element spacing used in these graphs is 46 mm because it provides minimum sidelobe level and maximum half-power beamwidth. The simulated gains of the antenna are calculated at θ = ±14 • and θ = 0 • , where peak gains are observed for Port 1 and Port 2, respectively. According to the results, more than 10 dBi gain is achieved for Port 1 and Port 2. Figure 9 shows a prototype of the proposed 5.8-GHz repeater array antenna, and the size of the antenna is 120 mm × 115 mm. The prototype of the proposed antenna is developed on a Teflon fiber substrate of 0.8-mm thickness and permittivity of 2.15. The antenna element spacing is 0.9λ 0 (46 mm), and all port impedances are designed to be 50 Ω. Figure 10 shows the measured and simulated reflection coefficients of the antenna. Better than −10-dB reflection is obtained around the designed frequency of 5.8 GHz for both ports. The measured 10-dB impedance bandwidths of the antenna for Port 1 and Port 2 are 1320 MHz (22.7%) and 580 MHz (10%), respectively. Finally, the proposed antenna is compared with the previously reported antennas, and the performance comparison of the antennas is presented in Table 3 . As shown in this table, the advantages of the proposed antenna are clear to see, and it has a higher antenna gain for the transmitting and receiving purpose. Moreover, the proposed antenna provides good impedance bandwidth with a simple structure. 
Parametric Studies and Optimization
ANTENNA PERFORMANCES
CONCLUSION
In this paper, a new 5.8-GHz dual-feed array antenna employing a planar magic-T and additional quarter-wavelength slot line is examined in detail using a prototype antenna. The proposed array antenna separately generates two different bi-directional radiation patterns by Port 1 and Port 2. The sidelobe level, gain, and half-power beamwidth of the antenna are optimized to obtain a better antenna performance. Measured results show that the proposed array antenna achieves higher antenna gain with a simple structure, and it will improve the overall system gain of the repeater. Therefore, the proposed antenna is useful in repeater applications for various wireless communication systems.
